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NOMENCLATURE 

the generalized discrete displacement vector 
the generalized discrete velocity vector 
the generalized discrete acceleration vector 
booster (as subscript and superscript) 
payload (as subscript and superscript) 
interface (as subscript) 
non-interface (as subscript) 
with respect to interface (as overbar) 
applied force vector 
reaction vector 
mass matrix 
stiffness matrix 
unit matrix 
modal coordinates 
modal matrix 
constraint modal matrix (interface included) 
damping matrix 
natural frequency matrix 
damping coefficient matrix 
coupling matrices 
time step size 
parameter 
internal load vector 
stiffness kernel 
geometric compatibility matrix 
interface dimension 
non-interface dimension of booster 
non-interface dimension of payload 
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INTRODUCTION 

The United States cur ren t ly  u t i l i z e s  a ra ther  small fami ly  o f  
launch vehicles (boosters) t o  support a var ied spectrum o f  s a t e l l i t e  
and spacecraft programs 1 . These launch vehicles have been care- 
f u l l y  designed t o  accomnodate a wide range o f  payload configurations. 
I n  general, the payload in ter faces w i t h  the launch vehic le  a t  a l i m -  
i ted subset o f  candidate s t ruc tu ra l  "hard" po ints  a t  the payload 
launch vehic le  separation plane. The l a t e s t  example i n  the ser ies i s  
the Space Shuttle. 

It i s  important t h a t  any candidate payload be designed t o  wi th-  
stand the load environment t ransmit ted to  the payload from w i t h i n  the 
shielded payload compartment. Such environments comnonly o r i g ina te  
from a s t a t i c  (steady s tate)  vehic le  acceleration, a t rans ien t  o r  dy- 
namic event such as rocket  motor i gn i t i on ,  o r  an acoust ical  environment. 
Very often, i t  i s  the t rans ien t  dynamic response behavior o f  the pay- 
load t h a t  const i tu tes payload design load pro f i les ;  hence, i t  i s  impor- 
t an t  t ha t  proper a t ten t ion  be given t o  the payload t rans ien t  response 
character is t ics  as in f luenc ing major design decisions. 

Present ana ly t i ca l  techniques by which such design loads are pre- 
d ic ted are very cos t l y  and time consuming. The calendar turnaround 
time of a given cycle usual ly i s  lengthened when the payload design 
organization, the booster organizat ion and the payload in tegra t ion  
organizat ion are d i f f e r e n t  companies. 
d ina t ion  i s  necessary t o  make the t ransfer  o f  informat ion between 
those three organizations optimal. Unfortunately, t h i s  coordinat ion 
i s  very d i f f i c u l t  t o  establish, resu l t i ng  i n  considerable time delays. 
Moreover, these costs and delays repeat themselves f o r  every load cy- 
c l e  (i.e., every time a change i s  made i n  the booster o r  payload). A 
t yp ica l  example i s  the development o f  the Vik ing Orb i ter  System [Z]. 

Indeed, a f a i r  amount o f  coor- 

The ever increasing number o f  modal coordinates necessary t o  
model today's aerospace structures not  only increases the cost o f  
a load cycle, but  also imposes greater demands on the analyst  t o  keep 



the model s w i th in  range o f  current  computer capabi 1 i t ies .  

The object ive o f  the present work i s  t o  develop a " fu l l -sca le"  
payload in tegra t ion  method which reduces the cost  o f  a load cycle 
dramat ical ly and w i l l  be capable o f  handling very la rge  systems. 
This new approach i s  a " fu l l -sca le"  method i n  the sense t h a t  i t  ac- 
tua l  l y  solves the coupled booster/payload system equations and does 
not invo lve any addi t ional  approximations o r  assumptions as compared 
t o  the standard t rans ien t  analysis. 

The present repo r t  i s  p a r t  o f  a research e f f o r t  i n t o  possible 
developtitent: o f  so-called "short-cuti* methods. A "short-cut" me- 
thod essent ia l l y  introduces ce r ta in  assumptions and/or approximations 
which p a r t i a l l y  o r  completely circumvent the coupling between the 
booster and the payload. As w i l l  be shown i n  Chapter 11, i t  i s  indeed 
possible t o  der ive such "short-cut" methods. 
method inherent ly  produces approximate system responses and, therefore , 
approximate design loads. The question then i s  i f  the increased cost- 
effectiveness o f  such a short-cut  method j u s t i f i e s  the loss o f  accur- 
acy i n  the response and the design loads. 

However, a "short-cut" 

The present " fu l l -sca le"  method i s  very cost  e f f e c t i v e  and 
d i r e c t l y  appl icable f o r  the shu t t l e  payload design case. This develop- 
ment e f fec t i ve  analysis too l  wi thout the use o f  approximation methods. 
For a comparison o f  "short-cut" and " fu l l -sca le"  methods, the reader i s  
re fer red to  References [2] and [4] . 
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CHAPTER I: A DIRECT INTEGRATION METHOD FOR LOW FREQUENCY 
EN!'IRONMENTS - METHODOLOGY 

1. INTRODUCTION 

The shear s i r e  and complexity o f  today's aerospace 
structures has created the need f o r  be t te r  and more cost- 
e f fec t i ve  payload in teg ra t i on  techniques. Indeed, the 
cost  associated w i t h  a t yp i ca l  design load cycle, has 
become qu i te  substant ia l .  I n  order t o  a r r i v e  a t  the 
optimum design, several o f  these design load cycles are 
necessary f o r  a pa r t i cu la r  event. I n  addi t ion,  f o r  each 
event various load condi t ions must be invest igated which 
also add t o  the t o t a l  cost  o f  the payload design e f f o r t .  
This sect ion der ives methodology o f  a pay1 oad in teg ra t i on  
method which s i g n i f i c a n t l y  reduces analysis and design 
tu rn  around time whi le  re ta in ing  the accuracy o f  a " f u l l -  
scal el' method. 

The conf igurat ion o f  mu1 ti p l  e payloads connected t o  the 
booster through separate in ter faces i s  typ ica l  f o r  most 
Shut t le  missions. The f a c t  t h a t  many o f  these payloads 
are not d i r e c t l y  coupled allows f o r  a s i g n i f i c a n t  sim- 
p l  i f i c a t i o n  o f  the booster/payloads system equations. 
Superfluous in te r face  degrees o f  freedom on the booster 
side can be accomodated w i th in  the formulation. Super- 
fluous in te r face  degrees o f  freedom are thore in ter face 
degrees o f  freedom which are included i n  the launch vehic le  
model but  are not  connected to  any payload. The superfluous 
in te r face  degrees o f  freedom a r i se  because the booster 
organi t a t i o n  cannot a f fo rd  t o  reconstruct  a booster model 
every time the in te r face  w i th  payload( s )  changes. 

A numerical in tegra t ion  scheme used t o  obta in  the booster/ 
payload(s) system response i s  defined. The standard ap- 
proach i s  t o  ob'iain the so-called "modal modes" !.e. the 
coupled system modes i n  order t o  decouple the system 
equations. The present approach avoids the so lu t ion  of 
such a system eigenvalue problem. A Newark-Chan-Beta 
numerical in tegra t ion  scheme i s  used t o  d i r e c t l y  determine 
the system response. This technique takes advantage o f  
the pecul iar  s t ructure o f  the equations o f  motion f o r  the 
system. A l l  zero en t r ies  o f  the system mass and s t i f fness  
matrices can be eliminated. I n  fact ,  a comparison feature 
can be nplemented so tha t  elements close t o  zero can be 
omitteb. reducing the cost  o f  the in tegra t ion  rou t ine  even 
more. The comparison feature makes the f ! i l l - sca le  method a 
so-called short-cut method. A f u l l - sca le  method can be 
defined as a method which y i e l d  "exact" resu l t s  compared to  
the standard t rans ien t  analysis technique, whereas a short-  
cu t  method introduces an approximation o r  assumption which 
leads t o  a more cost -ef fect ive but less accurate solut ion.  

A Fortran computer program has been wr i t ten and implemented 
on the CDC Cyber 172. The f i n a l  remarks sect ion discuss 
advantages and d i  sadvantages o f  the proposed approach. 
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2 .  FOREIULATION OF THE PROBLEM 

The objective of this section is to describe the payload inte- 
gration problem as it occurs in many of today's engineering applica- 
tions. 

As an example, let us consider the landing of the Shuttle Or- 
biter (= the delta-wing -airplane-like module) carrying a certain 
payload (e.g. the space telescope). Obviously, when the orbiter 
touches the landing strip it will experience reaction forcps. These 
forces will be transmitted to the payload through the interface (i.5. 
through the connection points between the orbiter and its payload). 
The payload then, will undergo elastic displacements. The question 
then is, will the payload be able to withstand those displacements 
without being damaged? 
ic analysis of the booster/payload system. 

The answer to this question requires a dynam- 

First, an analytical booster and payload model is developed. 
This involves the construction of mass and stiffness matrices, using 
any suitable method (e.g. the finite element nethod). These rnodels 
are usually extremely large ( i.e. a very large number of degrees of 
freedom) and must be reduced to a suitable working size. The re- 
duction of the booster and payload models requires a considerable 
amount of engineering judgement. Indeed, the objective is to retain 
enough information or  fidelity in the original mcdel and to still arrive 
at an acceptable working size. 

At this point it is possible to derive a coupled booster/payloac 
system model. The key to obtain the system equations is the fact 
that the displacements at the booster side of the interface must be 
the same as the displacements at the payload side of the interface. 
Similarly, the reactions at the interface must be equal in magnitLdt 
but opposite in sign. Although the booster/payload system equations 
could now be solved,in most applications this system would still 
be large and costly to solve. Fortunately, in many cases the force 
environment has a rather low frequency content. In our example of the 
orbi'ar landing, this would mean that the reaction forces on the or- 
biter from the landing gear would have a low frequency content (e.g. 



< SO Hz). I t  is a h,iown fact  that i f  the forcing function has a 
frequency content below say 50 Hz, that the system response above 
50 Hz will be negligible compared to the response below 50 Hz. This 
a t  least  opens the possibility o f  truncating the modes and frequencies 
i n  the booster and payload model i n  order to  furtner reduce the size 
o f  the system. Although certain precautions must be taken, this ap- 
proach is  indeed a valid one and leads t o  very accurate results. 
Consequently, the standard procedure is  to solve an eigenvalue prob- 
lem for both the booster and the payload and write the system equa- 
tions i n  terms o f  these modes and frequencies. The size of the sys- 
tem can then be reduced by truncating a l l  the modes above the so-called 
cut-off frequency (= 50 Hz i n  our example). As mentioned above, 
certain precautions must be taken i n  order not  t o  lose essential i n -  
formation, especially a t  the interface. 

The next step i s  t o  solve the se t  o f  system differential equa- 
tions. This step is usually a very expensive one. The standard ap- 
proach is  t o  solve the system eigenvalue problem i n  order to decouple 
the system. The solution of the uncoupled system equations is  then a 
relatively cost-effective process. A1 though the system modes can 
again be truncated acccrding t o  the cut-off frequeny, i t  i s  s t i l l  
a very expensive item t o  obtain these sjc.tem modes. 

Once the system response i s  calculated, one i s  now i n  a position 
t o  calculate payload member loads. Indeed, Hookels law defines the 
relationship between the displacements i n  the member and the loads 
i n  the member. Note that i n  practive, one often uses the so-called 
"acceleration" method t o  o b t a i n  loads, as we shall see later i n  this 
report. 

Finally, the member loads can be used to o b t a i n  maximum stresses 
and strains and enable the payload designer to determine whether or 
not the members will  be damaged dur ing  the landing  of the orbiter. 
Of course, several other events must be evaluated (e.g. ign i t i on ,  sep- 
arati on, meco, etc. ) . Moreover , the response/l oad probl em i s an i tera- 
t i  ve one, i .e. t h a t  once the designer changes the payload based on 
a set  of design loads we have a new booster/payload system and,  there- 
fore, a new se t  of laods. I n  general, several so-called load cycles 
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are necessary to arrive at the optimum design. The flow chart on page 24 
graphically despicts the essential elements in a load cycle+ 

From the above, we can conclude khat the dynamic analysis part 
in a design effort is often a very costly iteiii. 
much research has been done in order to improve and makc the lo.. cy- 
cle more cost-effective [4) 
The objective is to make theres9onse-linkand the loads-link more cost- 

effective without sacrificing any accuracy. 

Consequently, 

The present report is such an effolk 
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3. DERIVATION OF THE BASIC EQUATIONS 

The purpose of this section is to derive the basic equations 
needed for a booster/payload integration effort. 

Figure 1 shows the free body diagrams of the booster B and the 
payload P. The booster and the payload aye connected to each other 
through the interface. Physically, the interface is the collection 
of structural “hard points” which the booster and the payload have in 
common. Mathematically, this means that 

From the free body diagrams in Figure 1, we can easily write 
the equations of motion for the booster B and the payloac! P as, 

Note that the equations of motion for B tnd P are still uncoupled 
Several well- B P and still contain the unknown reactions {RI) and { Rr) . 

known procedures [4]exist to derive the coupled set of system equa- 
tions, i.e. to eliminate the unknown reactions and redundant inter- 
face displacements { xI ) . One such technique uses interface restrain- 
ed booster and payload displacements and as will be pointed out later, 
is ideally suit,ed for our purposes [ 5 ] .  

P 

The basic idea is to construct the following transformetions, 
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where 

Ushg these transformations together with Equati-o?l (11, it is pos- 
sible to write 

I I SB 1 0  

I I 
0 ' 1  1 0  

I 1 
I 1 

I - - - & - - -  - -  
1 i 

( 7 )  

This final transformation (7) substituted into Equation (2) will 
P eliminate the redundant set of displacements { x, 1 and in the pro- 

cess it will also eliminate the unknown reactions { R I i  abd{Rpk yield- 
ing # 

B A 
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1 

LO ' lP%TP 

+ 

T 
0 I O  

'#BIB I 

i 0 

where we assumed that no forces a3e acting on the payload P (an as- 
sumption which need not be made). Equation ( 8 )  represents the coupled 
booster/payload system of equations of motion in discrete coordinates, 
using non-interface coordinates for both the payload and the booster. 
Note that damping can always be included. Furthermore, the matrices 

FpKpTp] are zero only when the interface is determinate. 'I3 B B 
T T 

K T ] and 

B P 
Next, we introducs the interface-restrained modes [SN] and [aN] 

B and also the interface modes [a1] , 1.e. 

Using Equation (9) in Equation ( 8 )  leads to 

-9- 



ORIOINAL PAGE IS 
OF POOR QUALITY 

B - 
9 
N 
B 

I 
P 

9 

- 
cj: I N 

F =  

T 
-B T 

T 
'N I B ~ B  

' B  T 
'I T ~ F ~  

0 

(13) 

Note that we also introduced damping. We shall make some more remarks 
about damping in Chapter 11. 

At this point one usually truncates the booster and payload modes 
according to a predetermined "cut-off frequency." This cut-off frsquen- 
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cy is based on the significant frequency content of the forcing func- 
tion (FB 1 . 
frequency, one usually retains& x n modes. 
developed from observation of practical modal coupling cases. This 
rule of thumb allows for a safe margin. Indeed, often times modes 
with frequencies higher than the cut-of f frequency couple into 
modes with frequencies smaller than the cut-off frequency and bring 
about significant perturbations. 

Assuming there are n frequencies below the cut-off 
This is a rule of thumb 

Finally, as will be explained in Section 5 of this chapter, 
it is imperative not to truncate interface modes, even though they 
might contain modes with frequencies higher than the cut-off fre- 
quency. 
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Figure 1 FncBody Dkgmm of Booster B and P a y W  P 
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4, THE NC!ERICAL INTEGRATION SC- 

The objective of this section is to choose 
ti.m scheme to directly integrate Equation (10). 
t.l..tA the usual approach, where a new eigenvalue 
.!f~d [K] as mass and stiffness matrix is solved. 

a suitable integra- 
This is in contrast 
problem with [H] 

It is inportant to recognize that system(10)can have a frequen- 
cy content much higher than the cut-off frequency of the forcing 
t t  rm. Usually, those higher frequencies will not produce signifi- 
c nt responses. Therefore, a suitable numerical technique should 
be capable of using a stepsize h, which reflects only the highest 
frequency of interest but at the same time remains numerically sta- 
ble. For example, a Runge-Kutta routine would not be suitable be- 
caase it requires a time-step consistent with the highest frequen- 
cy in the eystem, even though these high frequencies may not be of 
interest to the analyst. Although there are techniques to obtain a 
gocd estimate of the highest system frequency, using such a fre- 
quency to determine the stepsize wouldunnecessarily increase the 
cost of the response routine. 

A me-..od that satisfies above constraints is given by the New- 
nark-Chan-Beta integration method: 

2 where the method is umonditionaliy stable if B > (2u+l) /16. Arti- 
ficial pcsitive damping is introduced when o > 0.5, and artificial 
negst've damping if j~ < 0.5. Good values for our purposes are u = 0.5 
a;id 5 = 0.25. Theoretically, the time step h can then be given any 
value while the scheme remains stable. In fact for very large values 
of h, the scheme generates the static solution of Equation(10). Also 



the scheme will damp out the highest (and least important) modes 
while preserving the lower ones. In addition, as we shall see 
shortly, the Newmark-Chan-Beta scheme is capable of taking advan- 
tage of the peculiar structure of the present equations of motion. 
Indeed, let us substitute Equations (14) and (15) into (16) and 
obtain 

or, using Equation (111, we can write 

where 

f =  
Pi 

-2-P - - D9gG:i - wPqNi 

and 



2 
(%- B ) h2wB 

2-2 (4-B)h up 

are diagonal matrices. 
and fpi, are very cost-effective. 
are one-time calculations. 

Consequently, the evaluation of fgi, fIi, 
Also, note that Di (i=l,.o.v9) 

Normally, the solution for { V I  i+l in Equation (13) requires a 
triangular decomposition and must be repeated for every h. However, 
in this case the unique form of the coefficient matrix of {y} i+l 
makes it possible to avoid such decompositions. Moreover, it is 
possible to completely take advantage af the diagonal and zero par- 
titions appearing in that coefficient matrix. 

First, let us premultiply Equation (18)by [-BDY1 I -BD;l] 
which yields the following expression for( * B  qI i+li, 

,1 r; , 



with 

A1 = ID, +A2BT + A3PT]-l 

-1 -1 A2 = -BD1 8 A3 = -PD3 

Furthermore, from Equation (la), we easily obtain 

(24) 

(25) 

(27 

Equations (23) 8 (26) , and (27) represent the final set of 
recurrence relations replacing Equation (18) Note that Equation (24) 
represents the inversion of an IFxIF matrix where IF is relatively 
small in many applications. This effectively removes the problem 
of triangular decomposition of a large matrix. Also, note that the 
cost of the algorithm primarily comes from multiplications involving 
matrices A1, A2, and Aj, Note however, that their dimensions are 
IFxIF , IFxNB and IFxNP respectively. Again, in many cases IF is 
a rather small number. In addition, the routine requires much less 
core memory which allows for  the solution of much larger proolems. 



ORIGINAL PAGE CC 
5 .  THE LOAD TRANSFORMATION OF POOR QUALITY 

The purpose of this section is to briefly review the "acceleration" 
approach to calculating loads and at the same time point out some pos- 
sible savings. An elementary member load transformation can be written 
as 

{ 1 1 1  = CkYl { xp} (28 1 

Therefore, once the system response is known one can substitute the dis- 
placement vector {xp} into Equation(2B)and obtain the member loads. This 
direct approach is called the "displacement" method. In many cases, 
this is a perfectly valid approach especially if all the modes in 
Equations ( 9 )  and a2)are kept. However, if modes are truncated accor- 
ding to a cut-off frequency this procedure often leads to inaccurate 
results. This can be corrected by using the so-called "acceleration" 
method whereby x p  
ations using the system equations of motion tr'thout damping. 

is replaced in terms of applied forces and acceler- 

Hruda and Jones [8]introduced a load transformation consistent 
with modal synthesis techniques. In terms of the present notation 
Equation(28)can be replaced by 

where 

T and [Ep] = [IpKpIp] -'. Note that [LT2] = 0 when the interface is 
determinate. 

Normally, the displacement vector {IC: 1 in Equation (29) must be 
writtenin terms of forces and accelerations using the second parti- 
tion in Equation ( 8 ) .  This not only zncreases the cost of the proce- 
dure, but also introduces the booster accelerations 1 
into the problem. We shall now show that this is not necessary if all 

tFJ4 and forces 

- 

-1 7- 



ORIGINAL PAGE 1s 
B OF POOR QUALITY interface modes are retained in [@I]. 

From yuation ( a ) ,  for an indeterminate interface we can write 

At this point one can introduce the modal accelerations using 
the transformations ( 9) yielding 

This is the expression that ordinarily must be used in Equation 
However, if and only if we keep all the interface modes in [aI ] B 

(29). 
we can write that [TgKBTB + TpKpTp]-’- T 2 - 1  B T  [Q1] . 

In addition we can then write (x;} = [@:](q:} without any loss 
of accuracy. Using these facts in Equation (33) and taking damping 
into account, we obtain: 

which is exactly what we oh 
(10). Therefore, Equations 

sin from the second partition of Equation 
(29-31) can be replaced by: 
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where this tine, 
ORIGINAL FEGE 19 
OF POOR QUALIW 

[LT2] = [kP][TpQ;] 

Next, let us write Equation (36) as follows: 

(36) 

(37) 

It is now relatively easy to show that [Ep][IpM,Ip][~p~ T 
even when not all the payload modes are retained ir_ [8N]. 
Equation (38) can be written as, 

= [8~][wp] -2 -i 
Therefore, NP 

Using Equations (35), (37) and (39) has several advantages over 
the approach outlined in Reference[8]. First, in case the interface 
is indeterminate (i.e. if LT2 # 0 )  it is not necessary to use Equa- 
tion (32) for x , if and only if we keep - all the interface nodes 
[C):]. 
but also reduces the amount of information to be stored in the course 
of the response calculations ( i.e. only { *:: ] , { >:} and (q:} must 
be stored). Secondly, the rather expensive evaluation of [a] = 

-[ k+ ] [ Ip] [ Ep] [ I:%Ip] [ z;] as proposed in Reference 8 is now replaced 
by tne more efficient conputation of [ B ] = [Z:][U~]-’. Indeed, apply- 
ing unit loads successively to each of the non-intercacedofo., often 
becomes a rather expensive item, considering the potentialiy very large 
payload models. The other term in Equation (381, [ y ]  = -[kY][I,][E,] 

9 
This not only makes the evaluation of Equation (35 ) much simpler, 

C c 

[I&Tp][@:] can easily be evaluated by first forming the product 
[IpMpTp] [a:] the columns of which can be looked upon as inertial loads 
applied at the interface of the payload. The corresponding deflec- 
tions are equal to [ E ]  = [Ep][I~MpTp][3~]. Note that [Ep] need not 
to be recomputed, i.e. no decomposition of [IpKpIp] is necessary since T 
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this has already been done in the modes calculations. Finally, one 
can also evaluate [ E ]  = [Tp”] inexpensively in Equation (37) so that 
we obtain 

Observe that the payload organization can easily save [B], [ 6 ]  
and [E] so that any member in the payload can now be investigatei? with- 
out recalculating these matrices. Observe that Referer.,:e 8requires the 

- 
payload analyst to 
Equations (40) and 
to be investigated 

make the choice of members before the evaluation of 
(41). If for some reason an additional member has 
a reevaluation of LTl and LT2 is necessary. 

Finally, it should also be noted that the loads calculation does 
not involve the “modal modes” which reduces the computational cost 
even iaore. 
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6. CONCLUSIONS AND SUMMARY 

A new payload integration approach has been presented. It is 
a "full-scale" approach in the sense that it does not introduce new 
Pssumptions or approximations compared to the conventional "exact" 
solution techniques. Improvements over the conventional techniques 
are introduced in both the response and loads calculations. 

The response analysis uses an adaptation of the Newmark-Chan-Beta 
numerical integration technique. This integration +.:.nene is directly 
applied to the coupled system equations (F.e. booster/? Dad system) 
thereby avoiding the expensive solution of a system eZ '.ICE prob- 
lem. The Newmark-Chan-Beta technique has the convenien .iture that 
the step size can be based on the "cut-off frequency" associated with 
the forcing function regardless of the highest system frequency. 
particular feature is necessary in the present method because the high- 
est system frequency is not known a priori. Although there are tech- 
niques to determine the highest frequency, it is very likely that t5is 
highest frequency will be much larger than the cut-off frequency which 
would lead to a much smaller time step. It should also be noted that 
the present approach allows for the solution of much larger systens. 

This 

Next, we derived a load transformation consistent with the above 
modal synthesis method. Several cost saving features were introduced. 
First, we showed that in the case of an indeterminate interface it 
is not necessary to write the interface displacements in terms of amel- 
erations and forces, provided one keeps all the interface modes. In- 
cidently, one could actually keep the discrete interface displacements 
instead of introducing the interface modes. Secondly, it was shown 
that several simplificationg can be atfected in the calculationof[LT1] 
and &TZ]leading to a more efficient and convenient loads calculation. 
5ihally, it should also be pointed out that we do not involve system 
modes which reduces the cost and simplifies the analysis. 

Tt is estimated that the present aproach will reduce the computer 
cost of a payload integration effort by a considerable amount. Con- 
Eiikring the numerous load cases that must be considered in the course 
of a design effort, the present approach nay prove to be of great value. 
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X t  should also be pointed oct that  t h i s  techniqile can e a s i l y  be 
adapted to a "short-cut".method. Indeed, Sect ion 4 of Chapter I i  
w i l l  be devoted to out l in ing  severa l  pors ib le  short-cut procedures. 

F ina l ly ,  a l s o  note that  the  method as presented i n  Sedtion 4 is  
considerably more cost-effective than the one presented i n  Reference 
10. 

-22- 



CHAPTER 11: A OtRECT INTEGRATION HETHO0 FOR LOU FREQUENCY ENVIRON- 
MENTS - ~MPLEHENTATION 

Thls chapter dl tcustes I n  general terms tho so f twr r r  package 
associated w l  t h  I complete hooster/paylord response and loads 
r n r 1 \ 4 s .  An attempt w l l l  be made t o  c l e r r l y  l l n k  t h r  theory of 
Chapter I wtth the speel f lc  program and SubrOutlnQ datc r lp t lon t ,  
This w i l l  give us tha apportunlty t o  touch upon some of the const- 
r a i n t s  and d l f f i c u l  t h s  Invar lab ly  astoclated wl t h  the drvelopmrnt 
o f  a precttcrl pryload I n t e g r a t l m  softwrre prckrge. Some factors  
t c  Lonslder are: computer c w e  usage; eonvergencer ovai lable data; 
the s e p a r s t l ~ n  o f  booster, payload and l n t r g r a t l o n  organltat lons; 
work schrdules; anglnearlng tlm; ease o f  program usage; computer 
cast and ra lc ted  efficiency o f  algorlthms; reuse o f  er t ist lng l n f o r -  
Ination; raqJIrrd accuracy v e h s  cost; handling o f  p o t e n t i a l l y  large 
models; dtc. 

Sectlon 2 o f  t h i s  chapter presents a ganrral dascr lp t lon 
o f  the or@nt ta t ion  and components o f  the softwrre packagh I n  
par t ieu ler ,  WI r x p l d l n  t h r  piirposr and contents o f  the components 
and how they r e l a t e  to  arch other, 

Sectlun 3 presents (L slmplb sample problem and how i t  Is 
analyzed and eveluated. Also, p r r l lm lnary  r r s u l  t s  o f  more r e a l l s t l c  
analyses w i l l  be lnctud8d. 

Final ly, conclusions and pooslble short-cut approaches a r e  
lntroduclrd In Section 4, 



2. ORGANIZATION - GENERAL DESCRIPTION 

This sect ion ou t l ines  the organizat ion of the software package. 
The f igure  2 represents a f low diagram o f  a complete booster/payload 
in tegra t ion  prcblem. Each of the flow diagram blocks hat a program 
associated with it. Therefore, there are s i x  programs: PROGRAM 
BOGSTER, PROGRAM PAYLOAD, PROGRAM INTFACE, PROGRAM FORCE, PROGRAM 
SYSRESP, AND PROGRAM LOADS. Each of these programs draws on a pool 
o f  subroutines ca l led  F O f W  (FORTran Matr ix  Analysis). FORMA Is 
a l i b r a r y  o f  subroutine coded i n  FORTRAN I V  f o r  the e f f i c i e n t  so lu t ion  
o f  s t ruc tu ra l  dynamics problems. These subroutines are i n  the form 
o f  bu i ld ing  blocks tha t  can be pu t  together t o  solve a la rge  va r ie t y  
o f  s t ruc tu ra l  dynamics problems. The FORMA l i b r a r y  was developed by 
the Dynanics and Loads Section a t  Mar t in  Mariet ta Aerospace and i s '  
being updated and expanded whenever the need occurs [ll] . 

I t  should be pointed ou t  t ha t  other l i b r a r i e s  can be used and t h a t  
the proposed in tegra t ion  method does i n  no way inherent ly  depend on 
the FORMA l i b ra ry .  However, i n  t h i s  report, the software i s  b u i l t  
around the FORMA subroutine l i b r a r y  ( i n  par t i cu la r ,  the Par t i t i on -  
Logic version) and therefore, the user i s  assumed to  have a working 
knowledge o f  t ha t  l i b ra ry .  

There are several reasons mot ivat ing the PROGRAM apporach. Be- 
cause a l l  FORMA rout ines are wr i t t en  i n  terms o f  var iab le dimensions, 
i t  i s  possible to  w r i t e  each PROGRAEI f o r  the speci f ic  dimensions o f  
the problem a t  hand, thereby optim'zing computer core usage. Also, the 
user o f ten  has a t  his/her disposal data already generated by other means. 
The PROGRAM approach a1 lows the user to  omit the reca lcu la t ion  o f  
t ha t  pa r t i cu la r  data. For example, a set  of so-called expanded modes 
could be avai lable.  The user then can d i r e c t l y  read those expanded 
modes i n t o  the PROGRAM and omit the use o f  a subroutine which ca lcu lates 
those expanded modes. Furthermore, the PROGRAM approach a1 lows f o r  
the separation of data generated by the booster, payload and integra- 
t i o n  organizations. Indeed, very of ten there three organizations a r e  
phys ica l ly  a t  d i f f e ren t  :ocations and data pecLl lar  to  one organizat ion 
o f ten  i s  no t  read i l y  avai lab le t o  the other organizations. PROGRAN 
BOOSTER for  example, only deals w i th  data per ta in ing t o  the booster and 
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therefore, works independent of the payload. Also,  sometimes t h e  data 
generated by FROGRAM BOOSTER can be used in analyses of different pay- 
loads and therefore have not to be recalculated. 

Finally, the PROGRAEl approach also allows for better check-out 
ani! control of the data generated at several points in the process 
of a load cycle. Indeed, the user can put in his/her own checks if 
desired. 

PROGRAM SYSRESP respresents the hub around which the other five 
programs are centered. The purpose of PROGRAM SYSRESP is to generate 
the coupled booster/payload system response. The most important sub- 
routine called by PROGRAM SYSRESP is SUBROUTINE SRESP, which implements 
the integration scheme as outlined in Section 4 of Chapter I. The 
INPUT to PROGRAM SYSRESP consists of all the quantities necessary 
to run SUBROUTINE SRESP. The OUTPUT of PROGRAM SYSRESP is the system 
response i.e. displacements, velocities and accelerations. These 
quantities can be written on paper and tape. In particular, the pay- 
load accelerations and the booster/payload interface displacements at 
each time step are written on tape so that they can be used in PROGRAM 
LOADS forthecalculation of member loads. 

Much of the INPUT to PROGRAM SYSRESP is not directly given and 
therefore must be created in advance. PROGRAM BOOSTER, PROGRILY PAYLOAD 

and PROGRAK FORCE were composed to serve this purpose. PROGRAM BOOSTER 

generates all booster data necessary to run PROGRAM SYSRESP. The 
booster organization can use this PROGRAM independently of any other 
organization. Enough subroutines were developed so that all booster 
data can be generated starting with the free mass and stiffness matrices 

E!!;. It is reasonable to expect that these I3PL'T uuantities are 
available. If not, the user is expected to provide this information be- 
fore running PROGRAM BOOSTER. It woul? not be wise to "can" the con- 
struction 04 [M,] , [ K B ]  , [;:] and [;:] hecause of the multitude of ways 
these quantities can be generated. Furthermore, PROGRIlrvl BOOSTER 
contains a number of "flags" which allow for user flexibility of INPUT. 

Indeed, often times certain quantities are already available and need 
not to be regenerated. The same is true for PROGRAM PAYLOAD whi .n is 

and [KB]  and the interface restrained nodes and frequencies [5 : ]  and 
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very similar to PROGRAM BOOSTER except that it generates payload quan- 
tities necessary to run PROGRAM SYSRESP. In addition, it alro generate8 
parts of load transformations if derired. Again, much flexibility ir 
pomible depending on the case at hand. 
of t.he data generated by PROGRAM BOOSTER and PROGRAM PAYLOAD and pro- 
duces quantities that involve both boorter and payload data. Again, 
these quantities are needed in PROGRAM SYSRESP and PROGRAM LOADS. 
GRAM INTFACE reflects the coupling between booster and payload through 
the interface. 
PROGRAM FORCE essentially converts the force datr into the right format 
to be wed in the integration program PROGRAM SYSIUSP. PROGRAh ruHCE 

alsc zontaiiis a number of "flags" whichallowsfor muie flexibility. 
Finally, as mentioned above, PROGRAM LOADS generates member loads and 
draws on PROGRAM PAYLOAD for load transformation INPUT anu on PROGRAM 
SYSRESP for payload response INPUT. 

PROGRAM INTFACE collects SCX 

PRO- 

Far example, it calculates the interface mode8 [O:j. 

Each of the six PROGRAMS are independent components of the soft- 
ware package. PROGRAM BOOSTER can be used by an independent booster 
organization. Similarly, PROGRAM PAYLOAD can be used by an indepen- 
dent payload organization. PROGRAM INTFACE, PROGRAM FORCE and PROGRAM 
SYSRESP can be used by an independent integration organization while 
PROGRAEI LOADS can be used by any organization that is responsible for 
loads calculations. Because each of the PROGRAMS is compatible with 
the other PROGRAMS it is also possible for one organization to use 
the entire package in sequence. 

Several versions of the software package are available. All 
of these versions make use of the FORMA library. Two versions are 
available on the CDC computer (Dense-and Partition-Logic). One ver- 
sion is available on the VAX computer (Dense) and one version is avail- 
able on the UNIVAC system (Partition-Logic). 

This section was intended to give the reader a general idea of 
how the software package is structured. It is not intended to be a 
detailed user guide. The Final Report of this contract will contain a 

detailed user guide as well as the actual listings of all the PROGRAMS 

and associated SUEROUTINES. At this point, the software package is 
still in a "check-out" phase and is still undergoing minor changes. 



As we shall see in subsequent sections, the software package'has already 
been used on several examples and the general structure as described 
in this section is final. 



3 .  NL'PXRICAL EXAXPLES 

This section we  s h a l l  d i s c u s s  a s imple sample problem which 
i s  used f o r  t h e  i n i t i a l  check-out of  t h e  software package. Further-  

more, w e  s h a l l  b r i e f l y  p r e s e n t  t h e  results of a rea l i s t ic  defense 
payload integrat ion a n a l y s i s  which was conducted us ing  the d i r -  
ect  i n t e g r a t i o n  technique. Both of t h e s e  sample problems are rela- 
t i v e l y  small i n  tenns of t h e  number of modal coordinates. However, 
results produced by s t anda rd  techniques are available and allow 
us  t o  make a comparison of both techniques.  The F i n a l  Report w i l l  
conta in  a l a r g e  scale a n a l y s i s  of t h e  S h u t t l e  O r b i t e r  czrrying 
two payloads namely: t h e  Space Telescope and t h e  OMS K i t .  

The first example is  dep ic t ed  i n  F igure  3. The boos te r  B 
c o n s i s t s  or' 18 p ipe  segmefits. The mass of each segment is  e q u a l l y  
dividedbetween t h e  end p o i n t s  of  t h e  segment. If w e  only  keep trans- 
l a t i o n a l  d o f s t h e n  t h e  f r e e  boos te r  has  57 dofs  and t h e  "cantilever- 
ed" boos te r  has  NB = 54 dofs .  S imi l a r ly ,  t h e  payload P cons is t s  of 
7 p ipe  sep.ents and NP = 21. Because t h e r e  are 3 r i g i d  body modes, 
we have a determinate  interface and IF = 3. The parameters f o r  a 
boos te r  p ipe  segment are: 

6 2 3 -2 2 E=6.89x10 kN/m2,p=2.77x10 kg/m A =1.93x10 m , body 
-3 2 -4 4 - 4 . 1 7 ~ 1 0  m ,L=0.762m J0=8.325x10 m Awing 

S imi l a r ly ,  f o r  a payload p ipe  segment: 

6 2 2 -3 2 E16.89~10 kN/m , p=2.77xlO kg/m3, A=4.05xlO m 

-6 4 L=0.762m, Jo=1.249x10 m 

Using t h e  above d a t a ,  a f;n.ite e lement  model was der ived  f o r  botn 
t h e  c a n t i l e v e r e d  boos ter  and t h e  c a n t i l e v e r e d  payload. Solving t h e  
eigenvalue problem y i e l d s  boos t e r  f requai ic ies  ranging form 1 Bz t o  
1 0 6  Hz and payload f requencies  from 1 Hz to 1 0 4  E->,. I n  t h i s  p a r t i -  
c u l a r  example w e  used zero i n i t i a l  cond i t ions  an< app l i ed  loads  t o  
s t a t i o n s 1 6  and 1 7  i n  t h e  x ,  y ,  and z -d i r ec t ions  (444822xcos(iSOt)N, 
i=1 ,6! .  
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The accuracy of the adapted Newmark-Chan-Beta routine was 
checked by comparing the response results from PROGRAM SYSRESP with 
those obtained from a fourth order Runge-Kutta (Gill modification) 
routine using the same step size. The results compare very well. 
Table I shows some of theresultsfor a step size h = 0.001 seconds. 
It should be pointed out that a phase shift in the response was ob- 
served . This is to be expected and is inherent to the numerical 
technique used. 
of the meximum or minimum loads in an element. It may slightly af- 
fect the time at which this maximum or minimum occurs, but this is of 
little consequence. Indeed, it is fair to say that in practice every 
numerical integration technique produces a phase shift when a time 
step is used consistent with a cut-off frequency. 

However, this phase shift does not affect the value 

Next, we compared computer cost of the present method with that 
of the conventional approach. The conventional "full-scale" approach 
first calculates the so-called "modal modes and frequencies" (i.e. 
the system modes from Equation (10)). Then, a numerical scheme (e.g. 
Runge-Kutta) is used to determine the response from the uncoupled sys- 
tem equations. For the present example, the cost of the direct inte- 
gration routine to determine the response is less by a factor of 10 
compared to the conventional approach. In the Final Report we hope 
to include a study of how this factor relates to the size of the sys- 
tem and the number of time points and intarface dofs. 

We also compared the cost of the load calculations. The improv- 
ed technique decreases the cost by a factor of 12. Again, at this 
point, it is hard to tell how this factor will change when the booster/ 
payload system represents a more realistic configuration. Also, it 
may be hard to compare cost factors for large systems from a logistic 
point of view. Indeed, payload organizations currently deliver load 
transformations which are not consistent with the present improved ap- 
proach. Therefore, it is often impossible to generate the appropri- 
ate quantities required for use in the present approach, for lack of 
certain information. It should be noted that this is only a logistics 
prablem and changes could easily be accommodated. 

Table I1 lists some of the load results obtained for this example. 
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Again, note that a phase shift is present (although not noticible at 
the interface). The maximum loads however, compareextremelywell 
(i.e. a relative error of less than 0.1%). 

In conclusion, we can state that the entire direct integration 
routine (i.e. response plus load calculations) is less expensive by 
roughly a factor of 10 compared to the conventional technique. 
that the analysis was performed on both the CYEER and VAX computer 
systems. The analysis of a Defense booster/payload system was also 
completed. 
and a 92 degree of freedom booster model. A cut-off frequency of SO 

Hz was chosen, resulting in a coupled booster/payload model containing 
27 cantilevered booster modes and 55 cantilevered payload modes. 
There are 6 interfaca degrees of freedom, which makes the interface 
determinate. The entire analysis was performed on the VAX computer 
system. 

Note 

The model consisted of a 261 degree of freeeon payload model 

The results were very encouraging. The accuracy of the maximum 
loads was excellent (i.e. the relative error compared to the standard 
technique was < 0.5%). The cost again, was approximatley less by 
a factor of 10. 

In conclusion, we can state that the new approach shows encourag- 
ing results which warrant its application to larger booster/payload 
systems. Indeed, plans were made to apply the present technique to 
a number of Defense Systems and also to a STS-System. We intend to 
report on the results in the Final Report of this contract. 



4 .  FINAL RUtARKS - 
In  t h i s  f i n a l  s e c t i o n  w e  wish t o  c o l l e c t  a f e w  r e l a t i . / e l y  unre- 

lated observa t ions .  

F i r s t  of a l l ,  t h e r e  is t h e  ques t ion  of system modes and f r e q u w -  
cies. Indeed, sometimes t h e  payload i n t e g r a t i o n  e f f o r t  is p a r t  of 
a l a r g e r  program involv ing  the s o l u t i o n  of  problems for which knowledge 
of the booster/payload system modes is requi red .  As stated before ,  
the  p re sen t  payload i n t e g r a t i o n  method does not  require the calcu-  
latior, of  the system modes. However, these modes and f requencies  
can always be c a l c u l a t e d  from Equation ( 1 0 ) .  Usually,  a one t i m e  cal- 
c u l a t i o n  should be s u f f i c i e n t  and no need exis ts  t o  r e c a l c u l a t e  t h e s e  
system modes f o r  every load cyc le .  Furthermore, t h e  system response 
is a l ready  known and could h e l p  t o  rsduce t h e  c o s t  of so lv ing  t h e  
system eigenvalue problem i n  many cases where a s i g n i f i c a n t  percen- 
tage of boos t e r  modes do no t  couple w i t h  payload modes and vice-versa.  

Next, we would l i k e  t o  address a problem r e l a t e d  t o  t h e  p r a c t i c a l  
a p p l i c a t i o n  of payload i n t e g r a t i o n  methods, i n  p a r t i c u l a r  i n  t he  case 
of the Space Transpor ta t ion  Systea.  As shown i n  Sec t ion  4 of Chapter 
I,  t h e  payload i n t e g r a t o r  must  r ece ive  from t h e  boos te r  o rgan iza t ion  
a set of c a n t i l e v e r e d  boos ter  modes. I n  theory ,  t h i s  does no t  p re sen t  
any problem. I n  Dractica however, t he  payload i n t e g r a t o r  o f t e n  has 
t o  cons ider  s e v e r a l  a l t e r n a t i v e  sets of i n t e r f a c e  p o i n t s  f o r  p o s s i b l e  
connection of t h e  payload. For every d i f f e r e n t  i n t e r f a c e  there i s  a 
corresponding d i f f e r e n t  set of boos te r  modes. For reasons  of logis- 
tics and cost it is v i r t u a l l y  impossible t o  gene ra t e  a d i f f e r e n t  set 
of modes every t i m e  t h e  i n t e r f a c e  changes. Therefore  only one set of 
c a n t i l e v e r e d  boos te r  modes is generated conta in ing  all p o s s i b l e  i n t e r -  
face po in t s .  As an example, l e t  us cons ider  a payload t h a t  has  7 in- 
t e r f a c e  dofs .  b u t  could be attached t o  t h e  booster a t  36 d i f f e r e n t  
dofs.  That means the  payload i n t e g r a t o r  has t o  select 7 a p p r o p r i a t e  
dofs.  o u t  of t h e  36. The boos te r  o rgan iza t ion  then could gene ra t e  a 
se t  of c a n t i l e v e r e d  boos ter  modes about t he  36 i n t e r f a c e  dofs .  As 

can be eas i ly  seen t h i s  c r e a t e s  a problem when i t  comes t o  implement- 
i n g  the  theory of Sec t ion  4 i n  Chapter  I.  
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This could be construed as a disadvantage of using cantilevered 
modes for the booster. Indeed, if one would u8e free booster modes 
in an integration technique then this problem of changing booster modes 
does not exist. However, as we shall show in the Final Report, this 
particular problem can easily be remedied. Similarly, the problem of 
multiple payloads can also be addressed in a satisfactory manner. 
C'early, the case of superfluous interface dofs. on the booster side 
and the case of multiple payloads requires a substantial change in the 
analytical write-up as well as in the computer program code. We 
shall report on these changes in the Final Report. 

The next subject deals with the cost of the response ro--tine 
i.e. PROGRAM SYSRESP. From Section 4 of Chapter I it follows that the 
execution time of PROGRAM SYSRESP is propcrtional to IF, VB, NP and 
the number of time steps necessarv to integrate over tne desired time 
interval. The Final Report will contain a more detailed operation 
count and an approximate f9rmula for  the estimated execution time. 
At this point it shotrld be noted that IF, NB, and NP are important 
factors in determining the cost of the integration routine. In- 
deed, it is not difficult to see that if IF is small compared to NB 
and NP the execution time goes down considerably. Similarly, the 
smaller NE and NP the less the cost. This is one clue to a possible 
short-cut method. Indeed, in many cases the coupling between the 
booster and the payload is limited. Numerically, this means that 
some rows of B and/or P will have elements equal to zero or close to 
zero, so that that particular row is decoupled r'rom the system there- 
by effectively reducing the size of B &,id P without all the zero 
and "near zero" elements. This approach was also reported on in the 
Nocthly ?rogressReport, Issue 22, Reference [12]. The question then 
is to develap a criterion defining what a "near zero" element is. 
There are many other ideas for developing short-cut methods some of 
which are outlined in Reference [ 31. 

It is our intention to include a chaster on short-cut methods 
in the Final Report. 
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